A new method is proposed for the simple preparation of random silver micro and nano-electrode arrays. This employs acoustic streaming directed at a glassy carbon surface to "mechanically" attach particles from a suspension of metal colloidal or other small particles. The particles tend to adhere to the substrate at points of imperfection such as scratches, crevices etc. These arrays are compared with arrays formed by the electro-deposition of silver at a glassy carbon substrate, with the silver being partially stripped off, leaving a stable micro and nanoparticle array on the surface. Both surfaces are characterised using optical and atomic force microscopy. The two types of electrodes are evaluated to their analytical utility via the electrochemical reduction of halothane and their performance compared with that of a silver macroelectrode. A notable increase in sensitivity and peak current is observed.
In recent years microelectrode [1] [2] [3] and nanoelectrode 4, 5 arrays have been shown to significantly enhance the sensitivity of electrochemically based analytical determination methods. The "state-of-the-art" in electrochemical detection methods for trace contaminant metals such as arsenic in particular are based on these electrode arrays. 1, 2, 4 The sensitivity advantages of using electrodes that consist of a large number of very small electrodes grouped together but spaced far enough apart to be diffusionally independent can be understood on the basis of the following argument on which the comparison is made with a "macro-electrode".
Consider a comparison between a macro-electrode of surface area 1 cm 2 and an array of electrodes over the same geometric area comprised of separate electrodes of radius r each separated from their nearest neighbour by 10r. The latter value reflects that required for diffusional independence. 6, 7 The peak current for a simple one electron redox couple found at the macro electrode can be calculated from the Randles-Sevcik equation. 8 
IP
where n is the number of electrons transferred, D is the diffusion coefficient in cm 2 s -1 , Cbulk is the concentration in mol cm -3 , v is the scan rate in V s -1 and A is the electrode surface area in cm 2 . Assuming typical values of n = 1, D = 10 -5 cm 2 s -1 , Cbulk = 1 × 10 -6 mol cm -3 , v = 10 m V s -1 , A = 1 cm 2 ; IP is found to be ca. 30 µA.
Now consider the electroactive array of total surface area 1 cm 2 comprised of electrodes 1 µm in radius. For a hemispherical electrode the limiting current Ilim is predicted by the following equation:
With the same parameters as above Ilim is found to be 0.6 nA at each electrode in the array. Therefore the total limiting current from the array can be found using Eq. (3):
The total current from the 1 cm 2 array consisting of 1 µm sized electrodes is found to be ca. 0.6 mA, over 20 times greater than that found at a macro electrode of the same area. If the individual electrode size in the array is reduced further to 100 nm retaining the separation of 10r for diffusional independence. Then the limiting current is found to be ca. 60 pA at each electrode, which translates to a total current for the array of ca. 6 mA, some 200 times greater than that found at the macro electrode of the same area. For a radius of 10 nm the limiting current is found to be over 2000 times greater. Furthermore to achieve this peak current of 0.06 A the macro electrode would require a scan rate of 52 V s -1 to be used. Figure 1 shows the variation in total current as the radius of the electrodes within the array is decreased. In practice it is difficult to obtain this ideal situation of the array electrodes packed close enough to achieve a high number of electrodes but spaced sufficiently apart to act diffusionally independently; however this calculation does illustrate the advantages of reducing the size of the electrodes within the array.
The construction of precise micro arrays is usually by micro lithographic fabrication methods. 9, 10 However this is a complex and expensive process. Other such methods to produce random arrays include sealing thousands of carbon wires randomly into epoxy resin 3 or through the deposition of electrode materials within micro porous structures, [11] [12] [13] Martin et al. have used this method to prepare nano electrode arrays where the electrode is
deposited at the bottom of a pore within the structure. Although this means that the array is created within a well-defined pattern of the porous structure the arrays produced are recessed. The practical use of micro arrays would be greatly enhanced if methods could be found to easily and quickly produce metal micro or nano arrays on a carbon electrode surface in a reproducible manner.
A possible method to create a random microelectrode array would be to "mechanically" attach particles of the desired metal and size to a bare carbon electrode surface, which would act as a conductor to the electrode array. This might be achieved by abrasively rubbing the electrode surface into the metal particles in order to attach them. Scholz et al. 14, 15 have used this method to detect metals present in analytical samples; the mechanically attached metal is electrochemically stripped from the surface for use in analytical detection. However, this approach is difficult to control. Accordingly in this paper we report the use of ultrasound directed at an electrode surface, 16 so that acoustic streaming [17] [18] [19] forces a stream of metal particles onto the electrode surface. Calculations show high pressures to be generated at the surface of the electrode placed in a face-on configuration via an acoustic horn. [20] [21] [22] Metal particles become mechanically attached to the surface especially at scratches and crevices. Moreover in extreme cases (metals with low melting points under high ultrasound power) cavitation action may actually "melt" the particles as observed by Coury et al. 23 The latter have previously suggested a stripping technique for the determination of metal particles in engine oils based on accumulation via acoustic melting. We term the method of attachment by which acoustic streaming forces particles onto/into the surface acoustically driven mechanical attachment (ADMA).
In contrast to using ADMA to form electrode arrays, the electrochemical growth of nanoparticles on carbon surfaces in particular has been explored in detail along with their analytical uses. The electrochemical deposition of gold, 4,5 silver, 24, 25 palladium 26 and platinum 27 metal nanoparticles on carbon electrode surfaces has been suggested as an easy and simple way of preparing a nanoparticle arrays. In particular Penner et al. 24 have noted the high stability of silver nanoparticles on a graphite surface to which a potential is applied that otherwise would have been expected to strip the silver from the electrode surface. They found that if a large amount of silver is deposited at the electrode surface and then a potential of 0.5 V vs. Ag is applied for 10 min, the electrode surface is left with a well dispersed array of silver nanoparticles that are stable at this potential for over 1 h. In this paper we compare two methods for production of silver arrays first via electrochemical deposition and second demonstrate the proof-of-concept of ADMA modification. Both types of electrodes are characterised using AFM and optical microscopy. The advantages of these arrays are exemplified in the electroanalytical quantification of halothane; halothane is an important anaesthetic 28 with pro-longed exposure leading to irreversible liver damage or even death. 29 Both electrodes are evaluated to their analytical utility via the electrochemical reduction of halothane. A notable increase in sensitivity and peak current is observed compared to a silver macro electrode.
Experimental

Reagents and chemicals
All chemicals used were of analytical grade and were used as received without any further purification. These were: silver powder (average particle size, 1 -3 micron diameter; 99.9% metals basis; Alfa Aesar, UK); 2-bromo-2-chloro-1,1,1-trifluoroethane (viz. "halothane", 99%; Aldrich, UK); sodium hydroxide pellets (Acros Organics, UK); acetonitrile (synthesis grade; Fisher Scientific, UK); octane (98%; Aldrich); potassium hydroxide pellets (AnalaR grade; BDH, UK); sodium nitrate (Fisons, UK); tetra-n-butylammonium perchlorate (Fluka, UK); silver nitrate (Sigma, UK); methanol (AnalaR grade; BDH, UK). All solutions were prepared with deionised water of resistivity not less than 18.2 MΩ cm (Vivendi Water Systems, UK) and degassed using N2 prior to measurements. Stock solutions of halothane were prepared in methanol.
Instrumentation
Voltammetric measurements were carried out using a µ-Autolab III (ECO-Chemie, Utrecht, The Netherlands) potentiostat. All measurements were conducted using a three electrode cell. A glassy carbon working electrode of surface area 0.0707 cm 2 was used for silver deposition (BAS Technical, USA). A silver macro electrode (BAS Technical, USA) of surface area 0.0201 cm 2 was used for comparison with the silver arrays produced. The counter electrode was a coiled bright platinum wire of large surface area, with an Ag wire as the pseudo-reference electrode.
Prior to deposition of the silver arrays the glassy carbon working electrode was polished using diamond spray (Kemet, Kent, UK) of successively smaller diameter (6 µm to 0.1 µm) with the electrode sonicated in a Kerry bath (Decon Electronics Ltd, Sussex, UK) for several minutes in ultra pure water before using a smaller diamond spray. The silver electrode was polished with 1 µm to 0.3 µm alumina on soft lapping pads.
An ultrasonic horn, Model CV 26 (Sonics and Materials Inc., USA) operating at a frequency of 20 kHz and fitted with a 3 mm diameter titanium alloy microtip (Jencons Leyton Buzzard, UK) was used for mechanical attachment of the silver particles onto the glassy carbon electrode. The intensity of the ultrasound was determined calorimetrically [30] [31] [32] and was found to be 87.8 W cm -2 at 15%. The working electrode was placed in a face-on arrangement to the ultrasonic horn and the horn was immersed beyond the shoulder of the stepped tip to ensure that ultrasound was efficiently applied to the solution.
All optical microscopy was performed with a Digital Instruments OMV-PAR microscope based on a Sony XC-999P CCD camera, having a maximum resolution of 752 × 582 pixels over an area of 540 × 400 µm. 
Results and Discussion
Production of silver arrays using power ultrasound First, a slurry consisting of 1 -3 µm silver particles suspended in a solution of octane was insonated at an amplitude of 15% for 1 min. The ultrasound was directed at the surface of a glassy carbon electrode of area 0.0707 cm 2 with a horn-to-electrode distance of 10 mm in a face-on arrangement. No potential was applied and the working electrode remained electronically disconnected during this time.
Initially 0.2 g of silver powder was suspended in 25 mL (8% w/v) of octane solution. However optical imaging revealed that the electrode surface was almost completely covered with silver deposits resembling a glassy-carbon modified silver macro electrode that was clearly not approaching 10r separation, in Fig. 2 . Consequently a lower concentration of silver was explored. Specifically 0.05 g in 25 mL (2% w/v) of octane was used with the above procedure being repeated. After 1 min of insonation the electrode was removed from the solution and rinsed with ultra pure water to ensure no "unattached" silver particles from the solution were left on the surface. Optical imaging of the surface, shown in Fig. 3a reveals that the 1 -3 µm sized silver particles had formed some structures of around 10 µm in size, that were much closer to approaching 10r than the array shown in Fig. 2 , however the arrays are random and as such it is difficult to achieve 10r. From optical imaging it was estimated that there were 185000 separate silver particles per cm 2 on the surface. AFM imaging, shown in Fig. 3b of what appeared to be bare electrode surface between the large micron structures (Fig. 3a) revealed that the surface was in-fact covered with much smaller particles of 100 nm and below.
A 0.05 g mixture of Ag in octane was insonated at a fixed H-E distance of 10 mm at 10% for 2, 4 and 6 min, respectively. Each electrode in turn was rinsed in water and transferred to a 0.1 M nitric acid solution. Using linear sweep voltammetry at 100 mV/s the silver was stripped off the electrode surface producing a characteristic silver-metal to silver-ion stripping signal. Comparison of the 2 and 4 min insonation suggests that more material is abrasively attached to the surface, however this insonation time becomes critical in the fact that silver is been attached onto silver which results in the stripping peak being smaller than the previous two cases. We further note that caution should be used in interpreting these stripping peaks since it has been shown that incomplete stripping can occur, 33 resulting in misleading inferences. Further study in this area to understand the fundamental processes involved will be considered in a separate paper.
Silver micron array produced via electro-deposition
Silver micron arrays were produced on a glassy carbon surface using a procedure based on that suggested by Penner et al. 24 The method takes advantage of incomplete stripping of a deposited silver film on a carbon electrode surface and the apparent stability of silver nanoparticles left on the surface at potentials that would be expected to strip them from the surface. A silver plating solution containing 0.1 M TBAP and 1 mM AgNO3 in acetonitrile was used for electro-deposition of silver on the bare glassy carbon working electrode surface. A potential step of -0.5 V vs. Ag for 1 min. This was then followed by a stripping step of 0.5 V vs. Ag was applied for 1, 2, 5 and 10 min, respectively. The electrode was then removed from the solution and thoroughly rinsed in ultra pure water before undergoing optical and AFM imaging.
After deposition of the silver onto the glassy carbon surface optical imagining showed there to be a layer of silver on the electrode surface that completely covered it. Figure 4a shows an AFM image of the electrode surface, it can be seen from the image that none of the glassy carbon surface is visible and that the electrode consists of tightly packed spherical silver particles all of a very consistent size ∼500 nm, with little or no separation 669 ANALYTICAL SCIENCES JUNE 2005, VOL. 21 between silver particles. The imaging experiments were then repeated after a stripping potential had been applied for a set length of time. After 1 min of stripping it was noted in the optical imaging that most of the silver surface appeared to have been removed from the surface, however repeating the AFM imaging (Fig. 4b) showed that there was still a large amount of silver present on the surface; the particles, however, now appear more varied in size and it is now possible to see the bare glassy carbon surface although the separation is still far from approaching 10r. A further 1 min of stripping further decreased the particle size and spacing between them, however, they still appear tightly packed on the surface (Fig. 4c) . It is not until longer stripping periods are explored that the particles begin to decrease in size to the proper nanoparticles size and appear sufficiently spaced apart such that it could be said they are approaching 10r in separation, although as can be seen the arrays produced are random (Figs. 4d and e) .
Application to halothane reduction
The 2 electron reduction of halothane in alkaline solutions at metallic electrode surfaces such as copper, gold, platinum and silver has previously been reported by Albery and Mount. [34] [35] [36] Here we use this as an analytical target to exemplify the advantages of the arrays.
The reduction of halothane was first studied at a silver macro electrode. Using a degassed and sealed cell the reduction of ca. mM concentrations of halothane was studied in a 0.1 M solution of KOH. The potential was swept from 0 to -1.2 V at 75 mV/s and at these concentrations the halothane reduction wave was clearly visible at -0.5 V vs. Ag. Additions of halothane (150 µM) were performed; the results are shown in Fig. 5 . A calibration curve was plotted for 6 additions and a limit of detection (based on 3σ, signal-to-noise ratio) calculated Halothane reduction at an ultrasound prepared silver micro array Halothane reduction was next attempted using a silver micro array electrode prepared via ultrasound. Once again in 0.1 M KOH using 150 µM additions of halothane the reduction wave could again be seen at -0.5 V vs. Ag 0 /Ag + , however, in contrast with the results found using a silver macro electrode there appears to be a "steady state" type response to the reduction of halothane, Fig. 6 . A limit of detection (3σ) was calculated to be 5.2(±1.5) × 10 -5 M, with a sensitivity of 9770 µA M -1 (2.1 × 10 -7 A, R = 0.9986). It was observed that the peak current has increased by a factor of 10, in absolute terms but the difference in electrode substrate area should be noted.
Using a 2 mM solution of halothane the performance was compared against a bare GCE electrode. No halothane reduction wave was visible in the potential range studied, the difference between the silver modified GCE electrode and a bare GCE electrode is clear in Fig. 7 .
Halothane reduction at an electro-deposited silver micro array
Using a glassy carbon electrode with micron sized silver particles prepared via electrochemical deposition as described above the reduction of halothane was again attempted. In a 0.1 M solution of KOH 150 µM additions of halothane were again performed, the characteristic halothane reduction wave was again seen at -0.5 V vs. Ag 0 /Ag + and was found to respond well to additions as depicted in Fig. 8 . A limit of detection (3σ) was calculated to be 6.4(±1.5) × 10 -5 M, with a sensitivity of 16570 µA M -1 (-1.0 × 10 -6 A, R = 0.9973).
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Conclusion
Deposition of silver micron particles using ultrasound on a glassy carbon surface was found to produce random microelectrode arrays. These arrays were compared with those formed from electrochemical deposition of silver on a glassy carbon surface by the use of optical and atomic force microscopy imaging, although the arrays produced by ultrasound produced larger particle sizes than those grown electrochemically the results for the reduction of halothane were similar. When the performance for halothane detection was tested the arrays were found to achieve a similar LOD to a silver macro electrode but with a higher sensitivity. Fig. 7 Halothane reduction using a 2 mM solution at an ultrasound modified GCE electrode (insonated in a (2% w/v) toluene/silver slurry solution for 1 min) and a bare GCE electrode, both of surface area 0.07 cm 2 . Fig. 8 Halothane reduction at an electrochemically grown silver micro array on a glassy carbon electrode of area 0.07 cm 2 from a 1 mM AgNO3 solution deposited at -0.5 V (vs. Ag wire) for 1 min and then stripped at a potential of 0.5 V (vs. Ag wire) for 10 min. 150 µM additions are performed using linear sweep voltammetry at a scan rate of 75 mV/s.
